We present density functional theory calculations of the nuclear magnetic resonance spectroscopy of molecules encapsulated within single walled carbon nanotubes. Ring currents in the nanotube induce shifts in the chemical shift of the nuclei comprising the encapsulated molecule. These changes in the chemical shifts are shown to have characteristic dependence on the chirality of the surrounding nanotubes.
I. INTRODUCTION
In the years since the discovery and elucidation of the structure of multiwalled and single walled carbon nanotubes in the early 1990s, 1, 2 there has been an intensive effort toward understanding and exploiting their properties. A remarkable feature of carbon nanotubes is that their properties can depend on structural parameters, such as length or helicity. 3 Many applications of nanotubes rely on their synthesis and manufacture with a high degree of uniformity and purity, and the controlled production of nanotubes is one of the biggest challenges in nanotube science. The development of techniques that provide quantitative information on the structural properties of nanotubes is central to this problem.
Nuclear magnetic resonance ͑NMR͒ spectroscopy would be an intuitive choice of technique to study nanotubes. NMR has several advantages over scanning tunneling microscopy since it provides a bulk measurement and is a noninvasive technique. Despite considerable progress, 4 -11 the application of 13 C NMR to study nanotubes is problematic. The primary difficultly in the measurement of the NMR spectra of nanotubes is the large magnetic inhomogeneity arising from the residual metal catalyst in the sample. The measured spectra consist of a broadband centered on about 125 ppm, although more recent work has achieved narrower bands. [7] [8] [9] [10] The broadness of the band has been attributed to the nature of the nanotube sample that will contain a wide range of lengths, diameters, and helicities. 6 Several theoretical studies of the 13 C NMR spectroscopy of nanotubes have also been reported. 6, [12] [13] [14] [15] [16] These studies predict chemical shifts in agreement with the experiment, and illustrate a dependence of the chemical shift on the diameter of the nanotube. Other theoretical studies have focused on functionalized nanotubes 17 and the Knight shift in metallic tubes. 18 Another area of research of increasing prominence is the study of molecules encapsulated within nanotubes. The encapsulation of molecules in nanotubes adds another dimension to nanotube science. A range of molecules have been encapsulated within nanotubes, and a recent review provides a summary of this work. 19 There has been a number of studies of the NMR spectroscopy of labeled noble gas atoms inside fullerenes. Through NMR spectroscopy of 3 He encapsulated in fullerenes, it was shown that the magnetic field inside the cage was altered due to aromatic ring currents, 20 and this technique has been used to study the reaction of molecules with the fullerene. 21, 22 In this Communication, we report calculations of the NMR chemical shifts of molecules encapsulated in nanotubes. These calculations show that the NMR spectroscopy of molecules encapsulated within single walled carbon nanotubes show a characteristic dependence on the chirality of the surrounding nanotubes, with a weaker dependence on the nanotube diameter.
II. COMPUTATIONAL DETAILS
Isotropic nuclear shieldings were computed with the gauge-including atomic orbitals methodology implemented within Q-CHEM. 23, 24 In this work, nuclear shieldings were computed using density functional theory ͑DFT͒ with the B3LYP exchange-correlation functional. 25 A mixed basis set comprising 6-31G * for the atoms of the molecule and STO-3G for the atoms of the surrounding nanotubes, denoted 6-31G * គ STO-3G, was used. The use of the 6-31G * basis set for all atoms for the larger diameter nanotubes is beyond our current computational resources. For the smaller ͑5,5͒ and ͑9,0͒ nanotubes, calculations with 6-31G * basis sets for all atoms and the cc-pVDZ basis set for the atoms of the encapsulated molecule are used to test the validity of the smaller basis set calculations. The structure of the nanotubes and molecules were optimized at the B3LYP/STO-3G and B3LYP/ 6-31G * levels, respectively. This does not account for changes in the molecular structure of the encapsulated molecule. However, for CO and C 2 H 4 in the ͑5,5͒ and ͑9,0͒ nanotubes, the NMR for optimized structures are also reported. The molecules are placed at the center of the tube, such that the center of mass of the molecule and nanotube coincides. For acetylene, ethylene, and diatomic molecules, the C u C bond or molecular axis is aligned along the nanotube axis and for formaldehyde, the C v O bond is orientated along the nanotube axis. The nanotubes are modeled with finite hydrogen capped tubes ͑see Fig. 1͒ , which are all 18.1 Å long. Details of these nanotubes are shown in Table I . Table II shows the change in the chemical shift for a small set of molecules encapsulated within the ͑5,5͒ and ͑9,0͒ nanotubes compared to the isolated ͑gas phase͒ molecule for three basis set combinations. The change in chemical shift has the same magnitude but opposite sign as the change in isotropic nuclear shielding. On encapsulation there can be a small difference in the computed nuclear shieldings of atoms equivalent in gas phase. In this work, we report the average shift for these atoms. The calculations show that for most nuclei in a variety of molecules, there is a reduction in the chemical shift on encapsulation in the nanotubes. This change arises in the paramagnetic contribution to the shielding, while the diamagnetic component remains approximately constant. The results presented are for nanotube fragments capped with hydrogen atoms. However, we have also found similar results in analogous calculations on model nanotubes capped with fullerene fragments. The results predicted from the different basis sets are consistent. In particular, the cheapest basis set combination 6-31G * គ STO-3G agrees well with results using a better quality basis set for the nanotube and the encapsulated molecule. It is currently not possible to use significantly better basis sets than cc-pVDZ containing higher angular momentum functions with our current code.
III. RESULTS AND DISCUSSION
The change in chemical shift observed in these calculations is consistent with experimental measurements on related systems. 20, 27 A change in chemical shift of −6.3 and −28.2 ppm has been determined for 3 He in C 60 and C 70 , respectively. 20 Furthermore, recent experiments have measured the NMR spectrum of the inner wall of a double walled carbon nanotubes using selective isotopic enrichment of the inner tube. 28 The isotropic line position of the inner tube was found to be 111 ppm, a change in chemical shift of −14 ppm from the value for the single walled nanotube sample. Calculations on a ͑8 , 0͒@͑16, 0͒ double walled nanotube predicted a change in chemical shift in good agreement with the experiment.
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Since the calculations are consistent with the known experimental information, the dependence of the chemical shift of encapsulated molecules on the structure of the surrounding nanotube can be explored in more detail. Table III shows the computed changes in the chemical shifts of the encapsulated molecules for a range of zigzag and armchair nanotubes of varying diameter. These have been computed with the 6-31G * គ STO-3G basis set combination. The calculations suggest that the change in chemical shift of the encapsulated molecules is dependent on the surrounding nanotube, and relatively independent of the molecule itself. This is consistent with the origin of the change in chemical shift arising from ring currents circulating in the nanotube. The most striking feature of the results is a significant difference in the predicted shifts for armchair and zigzag nanotubes. The change in chemical shift on encapsulation in the zigzag nanotubes is typically 10-20 ppm greater than that for the armchair nanotubes. This effect is generally larger than the variations arising from the diameter of the tubes. For the armchair tubes, there is little variation with the diameter of the nanotubes, although the results for the zigzag nanotubes are more sensitive to the diameter. This is reasonable since nanotube ring currents will be dependent on the detailed atomic positions of the surrounding tube, and there is a greater structural change between the nanotubes of different chirality than between similar tubes of different diameters. In this study, finite models of nanotubes are used. With these models, it can be problematic to achieve convergence of the computed properties with respect to the length of the nanotubes. Table IV shows the computed isotropic shielding of 3 He in ͑9,0͒ and ͑5,5͒ nanotubes as the length of the nanotube model is increased. For ͑9,0͒ nanotube, there is only a weak dependence of the nuclear shielding with respect to the length of the nanotube. For nanotubes 7.1, 18.1, and 28.6 Å long, the computed isotropic shielding of encapsulated 3 He is +72.5, +77.7, and +75.7 ppm, respectively. For the ͑5,5͒ nanotube, poorer convergence is observed and the isotropic shielding decreases as the length of the nanotube is increased. Convergence is not achieved for the longest nanotube studied which comprises 320 carbon atoms and is 38.4 Å long. Also shown in Table IV is the computed band gaps of the nanotubes. For the ͑5,5͒ nanotube, as the band gap becomes smaller, the isotropic shielding decreases. This indicates a correlation between the band gap and the computed isotropic shielding. However, the band gaps for the ͑9,0͒ nanotubes which have a higher isotropic shielding are smaller suggesting that the structural effect is dominant. Furthermore, the trend of decreasing isotropic shieldings for the ͑5,5͒ nanotubes would increase the difference between the change in chemical shifts for armchair and zigzag nanotubes. Achieving convergence with respect to the length of the nanotube represents a limitation of studying these systems within finite models, and the extension of this work to infinitely long nanotubes is underway.
The This change due to the structure is similar for both nanotubes and the differences arising from the chirality of the nanotubes remain. The NMR spectroscopy of encapsulated molecules can be contrasted with their infrared spectroscopy. Experimental studies have shown that a blueshift in infrared bands is often observed on encapsulation, and the magnitude of the blueshift is sensitive to the diameter of the nanotube. 29, 30 It is possible that the spectroscopy of molecules encapsulated within nanotubes may provide a probe of the structure of the surrounding nanotube, with different spectroscopies yielding different structural information. The measurement of the NMR spectroscopy of molecules in fullerenes has already been achieved and the measurement of the NMR of an encapsulated molecule has practical advantages over the direct measurement of the NMR of the nanotube itself since isotope enrichment can be exploited to enhance the sensitivity of the technique. 
